J Neurosurg (Suppl) 129:86-94, 2018 ABBREVIATIONS BM = brain metastasis; CTCAE = Common Terminology Criteria for Adverse Events v3.0; EGFR = epidermal growth factor receptor; HR = hazard ratio; HVLT-R = Hopkins Verbal Learning Test-Revised; IQR = interquartile range; JLGK = Japanese Leksell Gamma Knife; KPS = Karnofsky Performance Scale; MMSE = Mini-Mental State Examination; MST = median survival time; NCF = neurocognitive function; NSCLC = non-small cell lung cancer; SRS = stereotactic radiosurgery; TKI = tyrosine kinase inhibitor; WBRT = whole-brain radiotherapy. 10 Gamma Knife House, Chiba Cerebral and Cardiovascular Center, Ichihara, Chiba; and 11 Department of Radiology, Niigata University Graduate School of Medicine and Dental Sciences, Niigata, Japan OBJECTIVE Previous Japanese Leksell Gamma Knife Society studies (JLGK0901) demonstrated the noninferiority of stereotactic radiosurgery (SRS) alone as the initial treatment for patients with 5-10 brain metastases (BMs) compared with those with 2-4 BMs in terms of overall survival and most secondary endpoints. The authors studied the aforementioned treatment outcomes in a subset of patients with BMs from non-small cell lung cancer (NSCLC). METHODS Patients with initially diagnosed BMs treated with SRS alone were enrolled in this prospective observational study. Major inclusion criteria were the existence of up to 10 tumors with a maximum diameter of less than 3 cm each, a cumulative tumor volume of less than 15 cm 3 , and no leptomeningeal dissemination in patients with a Karnofsky Performance Scale score of 70% or better. RESULTS Among 1194 eligible patients, 784 with NSCLC were categorized into 3 groups: group A (1 tumor, n = 299), group B (2-4 tumors, n = 342), and group C (5-10 tumors, n = 143). The median survival times were 13.9 months in group A, 12.3 months in group B, and 12.8 months in group C. The survival curves of groups B and C were very similar (hazard ratio [HR] 1.037; 95% CI 0.842-1.277; p < 0.0001, noninferiority test). The crude and cumulative incidence rates of neurological death, deterioration of neurological function, newly appearing lesions, and leptomeningeal dissemination did not differ significantly between groups B and C. SRS-induced complications occurred in 145 (12.1%) patients during the median post-SRS period of 9.3 months including 46, 54, 29, 11 , and 5 patients with a Common Terminology Criteria for Adverse Events v3.0 grade 1, 2, 3, 4, or 5 complication, respectively. The cumulative incidence rates of adverse effects in groups A, B, and C 60 months after SRS were 13.5%, 10.0%, and 12.6%, respectively (group B vs C: HR 1.344; 95% CI 0.768-2.352; p = 0.299). The 60-month post-SRS rates of neurocognitive function preservation were 85.7% or higher, and no significant differences among the 3 groups were found. CONCLUSIONS In this subset analysis of patients with NSCLC, the noninferiority of SRS alone for the treatment of 5-10 versus 2-4 BMs was confirmed again in terms of overall survival and secondary endpoints. In particular, the incidence of neither post-SRS complications nor neurocognitive function preservation differed significantly between groups
O ur previous multiinstitutional prospective observational study (a clinical trial conducted by the Japanese Leksell Gamma Knife Society [JLGK0901]) assessed 1194 patients with brain metastases (BMs) initially managed with stereotactic radiosurgery (SRS) using the Gamma Knife (Elekta) without whole-brain radiotherapy (WBRT). 23 A comparison of median survival times (MSTs) in 2 patient groups (i.e., 10.8 months in patients with 5-10 tumors and 10.8 months in those with 2-4 tumors) revealed no difference in outcomes (hazard ratio [HR] 0.974; 95% CI 0.806-1.177 [below the noninferiority margin]; p = 0.78; p < 0.0001, noninferiority test). Furthermore, we found no significant differences in the crude or cumulative incidence of neurological death, deterioration of neurological function, local recurrence, new lesion appearance, leukoencephalopathy, rates of salvage SRS, or rates of WBRT between the 2 groups based on the number of BMs. However, the median observational time in the study (10.7 months; interquartile range [IQR] 5.8-18.8 months) was not sufficient to confirm the long-term safety of Gamma Knife SRS treatment alone for 5-10 BMs. Therefore, we extended the observation period for 2 more years (up to 2014) with the main aim of examining neurocognitive function (NCF) preservation. We used the Mini-Mental State Examination (MMSE) test and late SRS-related complications to assess NCF. 22 Using a heterogeneous cohort and including all primary cancer types, particularly all lung cancer subtypes, even small cell cancer, was a major weakness of our previous investigations. 22, 23 Therefore, in this study, we reappraised whether the aforementioned hypothesis would be applicable to a homogeneous subset of patients with only non-small cell lung cancer (NSCLC). We focused especially on NCF preservation and the development of delayed SRS-related complications. We also assessed the roles of systemic anticancer agents, particularly molecular targeting agents, in terms of post-SRS patient survival.
Methods
This prospective observational study involved 23 Gamma Knife facilities in Japan. Informed written consent was obtained from each patient before enrollment, and the institutional review board of each participating facility had already approved all aspects of the study. Before patient recruitment, the study was registered with the University Medical Information Network Clinical Trial Registry (no. 000001812; see http://www.umin.ac.jp/ctr/index.htm).
The JLGK0901 inclusion criteria applied at the time of SRS were as follows: 1) newly diagnosed BMs that had been confirmed by contrast-enhanced MRI within 6 weeks of SRS, 2) ≤ 10 tumors, 3) < 10-cm 3 /<3.0-cm maximum volume/diameter ratio of the largest tumor, 4) a cumulative tumor volume of ≤ 15.0 cm 3 , 5) no evidence of meningeal dissemination, and 6) a Karnofsky Performance Scale (KPS) 11 score of ≥ 70% or, in patients with a KPS score of < 70%, a reasonable expectation of neurological function improvement in response to SRS. 17, 18, 23 All original malignant tumor types except sarcoma and lymphoma were considered to be acceptable for treatment. Exclusion criteria were as follows: 1) 2 or more original malignant tumors, 2) patient pregnancy or breastfeeding, 3) previously diagnosed psychological disorder(s), 4) contraindications for MRI examination or use of a gadolinium agent, and 5) any previous surgery and/or irradiation to the skull or brain.
The study protocol (i.e., the SRS techniques used), our follow-up protocol, clinical outcome endpoints, and study management were described in our earlier reports 17, 18, 23 and thus are not detailed herein. In brief, each patient was categorized into 1 of 3 groups, namely, group A (1 tumor), group B (2-4 tumors), or group C (5-10 tumors). Then, the noninferiority of treatment results for group C to that of group B was investigated based on the primary and secondary endpoints. The effects of targeted therapy were analyzed also. NCF was assessed using the MMSE scores obtained 4 and 12 months after SRS and at 12-month intervals thereafter. MMSE score preservation was defined as a score reduction of less than 3 from the baseline value. Complications caused by SRS were graded according to the Common Terminology Criteria for Adverse Events v3.0 (CTCAE). 16 For the secondary endpoints, although we endeavored to reanalyze crude and cumulative incidence rates of leukoencephalopathy, our study protocol did not include a grading system for it; thus, we were able to assess only the presence of leukoencephalopathy versus its absence. The criteria for the 2 major endpoints (i.e., complications and leukoencephalopathy) were given in detail in our previous reports. 17, 18, 23 The details of our statistical analysis methods also were provided in previous reports 22, 23 and are summarized here. For analyses of the primary endpoint, we applied the Cox proportional hazards model with prognostic factors as covariates. For analyses of the secondary endpoints, time-to-event outcomes, we used competing risk with the Fine-Gray generalization of the proportional hazards model, which accounts for death as a competing risk. 8, 10 We assessed MMSE scores by using 4 different methods, which was deemed necessary because many subsets of the MMSE lacked follow-up data. Details are provided in our previous report. 22 All of the statistical analyses were carried out by a statistician (Y.S.), who was not involved in either SRS treatment or patient follow-up, using SAS 9.3 software (SAS Institute).
Results
We recruited 1194 patients eligible for this study between Table 1 . We found no imbalances among the groups in regard to most of the clinical characteristics (i.e., age, sex, extracranial disease status, initial KPS score, Radiation Therapy Oncology Group recursive partitioning analysis class, neurological symptoms, and maximum diameter of the largest tumor). The only exception was total tumor volumes, which differed significantly among the 3 groups.
In total, 672 (85.7%) patients died during the observational period. Among these deceased patients, 609 (90.6%) died as a result of systemic disease (Table 2 ). Crude and cumulative incidence rates of neurological death, deterioration of neurological function, newly appearing lesions, and leptomeningeal dissemination did not differ significantly between groups B and C. The proportions of deaths attributed to intracranial lesions were similar in the 3 groups.
The post-SRS MST of group A (13.9 months; 95% CI 11.7-17.6 months) was significantly longer than that of group B (12.3 months; 95% CI 10.6-13.7 months) (HR 0.844; 95% CI 0.712-0.999; p = 0.048) ( Fig. 1 ), whereas the post-SRS MSTs of group C (12.8 months; 95% CI 10.8-16.0 months) and group B were very similar (HR 1.037; 95% CI 0.842-1.277; p = 0.73; p < 0.0001, noninferiority test). This subset evaluation confirmed the noninferiority of Gamma Knife SRS alone for managing patients with 5-10 tumors compared with those with 2-4 tumors. Multivariable analysis of clinical factors before SRS revealed that BM, female sex, age of < 65 years, a KPS score of ≥ 80, having no neurological deficits, and having stable extracranial lesions correlated significantly with a long survival period (Table 3) . Regarding the administration of systemic anticancer agents after SRS, we categorized each of our 784 patients into 1 of the following 4 groups: 1) a chemotherapeutic agent(s) alone (305 patients), 2) a molecular targeting agent(s) alone (78 patients), 3) both chemotherapeutic and molecular targeting agents (205 patients), or 4) none of these regimens (196 patients). Overall survival curves for these 4 groups are presented in Fig. 2 . The post-SRS MST analysis to the 3 tumor-number groups, are shown in Fig.  3 . At the 5-year follow-up point, the cumulative incidence rates were 13.5%, 10.0%, and 12.6% in groups A, B, and C, respectively. We detected no significant intergroup differences (group A vs B, HR 16 The CTCAE grade distributions did not differ markedly between groups B and C (p = 0.3379). Among the pre-SRS clinical factors examined, multivariable analysis revealed that age (≥ 65 vs < 65 years) and neurological symptoms (yes vs no) correlated significantly with higher incidence rates of SRS-related complications ( Table 4) .
As already discussed, 78 patients received a molecular targeting agent(s) alone. Among these patients, 6 (7.7%) developed an SRS-related complication. Neither univariable (HR 1.295; 95% CI 0.849-1.974; p = 0.230) nor analysis detected a significant difference in SRS-related complication incidence rates between the 2 patient groups (i.e., those given a molecular targeting agent[s] alone versus those who were given another or no medication). Follow-up MRI revealed leukoencephalopathy in 6 (0.8%) of the 784 patients. In 5 of these 6 patients, the leukoencephalopathy had developed after salvage WBRT. A decline in the MMSE score during follow-up was noted in 2 (33%) of the 6 patients.
The rates of NCF preservation 60 months after SRS were at least 85.7% in this cohort. The cumulative incidence rates of decreased MMSE scores are shown for the 3 tumor-number groups in Fig. 4 . Differences among the 3 groups did not reach statistical significance. According to the multivariable analysis results, no clinical factors correlated with decreased NCF.
Many patients were managed by physicians other than us (such as clinicians who were providing them hospice care). As such, follow-up MMSE score data for some of our patients were not available. However, the statistical findings obtained are similar to previously reported results that were determined by applying analyses of missing data.
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Discussion
Based on this subset analysis of a group of patients with NSCLC exclusively (i.e., a more homogeneous patient group than that in our previous study), the noninferiority hypothesis of SRS alone as initial treatment for 5-10 BMs compared with that for 2-4 BMs, in terms of both overall survival and the majority of the secondary endpoints we examined, was clearly reconfirmed. Although these results do not differ fundamentally from those of our previous study, 23 this subset analysis strengthens the aforementioned noninferiority hypothesis. The majority of published prospective/retrospective studies, even those that examined large numbers of patients who underwent SRS for BM, included highly heterogeneous patient char-
FIG. 3.
Cumulative incidence rates of irradiation-related complications in patients after SRS in the 3 tumor-number groups, i.e., group A (1 tumor), group B (2-4 tumors), and group C (5-10 tumors).
acteristics (i.e., a range of primary cancers), although the most common primary site was the lung. The radiosensitivity and clinical responsiveness of BMs to treatment are generally regarded to depend on the oncological features of the primary malignancy. Therefore, in our view, it was reasonable to perform this subset study to focus solely on NSCLC.
Although WBRT has long been the gold standard among treatments for multiple BMs, the validity of using SRS alone to treat multiple BMs has been reconsidered recently. 6, 13, 15 Furthermore, recent remarkable advancements in molecular targeted therapy have paved the way for updating therapeutic strategies for patients with lung cancer with BMs. Doherty et al. 6 recently described treating BMs from epidermal growth factor receptor (EGFR)/anaplastic lymphoma kinase-positive NSCLC initially with WBRT (30 Gy in 10 fractions or 20 Gy in 5 fractions) plus a tyrosine kinase inhibitor (TKI) (120 patients), SRS (margin dose 15-21 Gy) plus a TKI (37 patients), or only a TKI (27 patients). The respective MSTs in their study were 21.6, 23.9, and 22.6 months, showing no significant differences among their 3 groups. However, WBRT should not be the initial treatment for patients in whom prolonged survival can be expected because of the associated NCF decline. Therefore, a combination of SRS and a TKI is regarded as the most reasonable treatment strategy currently available for patients with NSCLC harboring multiple BMs. Magnuson et al. 13 recently conducted a multicenter study of patients with EGFR mutation-positive NSCLC who A major weakness of our study is that the JLGK0901 database did not include information regarding molecular subtypes. During the 2009-2012 patient enrollment period, only gefitinib and erlotinib were available in Japan. As noted already, patients who received molecular targeted agent therapy with or without a chemotherapeutic agent(s) survived significantly longer than those given either chemotherapy alone or no anticancer pharmacological agents.
In addition, immunotherapy that targets programmed cell death 1 (PD-1) or programmed cell death ligand 1 (PD-L1) recently became a standard treatment option. However, our database does not include patients given any of these therapies. Although immunotherapy for BMs that result from NSCLC is reportedly effective, 7,9 the efficacy and risks associated with concurrent use of immune checkpoint inhibitors and SRS for BMs have not been well characterized yet. Chen et al. 4 reported that the use of radiotherapy including SRS with concurrently administered immune checkpoint inhibitors might not raise the incidence of adverse events. Colaco et al. 5 suggested, however, that the rate of radiation necrosis after SRS for BMs might be increased in patients who undergo immunotherapy. Going forward, we anticipate that immunotherapy will play an increasingly important role in treating lung tumors in patients either with or without BMs. Thus, examining the efficacy and risks of combining SRS with anti-PD-1/PD-L1 therapy is warranted.
SRS plus WBRT resulted in significantly diminished learning and memory functions, as measured by the Hopkins Verbal Learning Test-Revised (HVLT-R) total recall 4 months after treatment compared with that in the group given SRS only. 2 Recent investigations of post-WBRT changes in NCF using the HVLT-R have been carried out for less than 2 years. 2, 20 A randomized trial found that the rates of HVLT-R total recall decline (52%) and delayed recognition (22%) were worse in the SRS-plus-WBRT group than in the SRS-only group (24% and 6%, respectively) 4 months after treatment. 2 Although the MMSE battery used in our study recently received criticism because its sensitivity was lower than that of the HVLT-R and other batteries, our study has confirmed relatively low incidence rates of long-term (i.e., 4-to 5-year post-SRS) irradiation effects on the NCF of patients with lung cancer and BMs.
In our study, SRS-related complications were detected in 88 (11%) patients during a median post-SRS period of 10.1 months, and this incidence rate was lower than or essentially equal to those obtained in other studies. 12, 19, 21 Leukoencephalopathy was detected on follow-up MRI in 6 (0.8%) of the 784 patients. We were not able to grade this complication because our protocol did not include a leukoencephalopathy-grading system. This complication was detected in 5 of 6 patients after salvage WBRT but in only 1 patient after SRS alone. Monaco et al. 14 reported that leukoencephalopathy developed in only 1 of their 31 patients who underwent SRS alone, according to the final MRI studies. The risk of this complication after SRS alone seems to be very low.
The most significant criticism of SRS alone is the higher incidence of new distant BMs compared with that after SRS plus WBRT. Although WBRT is widely regarded as being able to prevent microscopic metastases, new BMs were reportedly discovered in 45% of the patients 6 months after WBRT. 3 A study by Aoyama et al. 1 found a 40% cumulative incidence of new lesion appearance after SRS plus WBRT. Our study found a 60% cumulative incidence of new lesion appearance 12 months after Gamma Knife SRS (group C), not significantly different than the rate in group B. These differences in rates were considered to be acceptable considering the difference in long-term risks of NCF deterioration between SRS alone and SRS plus WBRT. Gamma Knife SRS can be repeated if a new lesion were to appear, whereas WBRT can be performed only once. Because the optimal candidates for WBRT might be patients with leptomeningeal dissemination, using Gamma Knife SRS and reserving WBRT for patients with post-SRS dissemination provides a major clinical advantage.
Our long-term follow-up results show that 20% of the patients with BMs, all of whom met the inclusion criteria of the JLGK0901 multiinstitutional prospective study, survived for more than 3 years. Therefore, long-term preservation of NCF is clearly an essential element in selecting therapy for patients with BMs.
Conclusions
This subset analysis of patients with NSCLC reconfirmed the noninferiority of SRS alone in treating patients with 5-10 BMs compared with that in patients with 2-4 BMs in terms of both overall survival and secondary endpoints. Most notable is that neither the incidence of post-SRS complications nor NCF preservation differed significantly between groups B and C. These findings, in our view, strengthen the already-reported noninferiority hypothesis of SRS alone for patients with 5-10, compared with 2-4, BMs.
